Summary: Extracellular glutamate (Glu), cerebral blood flow (CBF), and auditory-evoked potentials (AEPs) were measured concurrently using microdialysis and hydrogen clearance in the auditory cortex of anesthetized cats dur ing global ischemia of various severities. A threshold type relationship was observed between extracellular Glu A massive increase in extracellular concentration of glutamate (Glu) has been demonstrated in hip pocampus (Benveniste et aI., 1984; Hagberg et aI., 1985) and in striatum (Globus et aI., 1988) during severe ischemia by means of brain microdialysis.
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The well-known neurotoxicity of Glu may play an important role in ischemic brain damage, and atten tion is focused on the N-methyl-D-aspartate (N MDA) subtype of the Glu receptor (Simon et aI., 1984; Rothman and Olney, 1987) . Excessive activa tion of NMDA receptors causes influx of Na + and water, resulting in acute neuronal swelling (Roth man, 1985) , as well as Ca 2 + influx that triggers dev astating activation of calcium-regulated enzymatic processes, leading to delayed neuronal injury (Choi, 1987) .
In the present study, we have addressed the ques tions of whether the ischemia-induced extracellular accumulation of Glu also occurs in cerebral cortex, and CBF: Glu increased at CBF levels below about 20 mi/IOO glmin. The Glu increase was related to the impair ment of AEPs. The results suggest that Glu neurotoxicity is an important factor for ischemic neuronal injury even in penumbra. Key Words: Glutamate-CBF-Evoked po tential-Microdialysis-Flow threshold-Ischemia.
one of the regions highly vulnerable to ischemia and having a dense population of Glu receptors (Cotman et aI., 1987) , and whether a threshold-type relation ship exists between severity of ischemia and extra cellular Glu accumulation.
MATERIALS AND METHODS
Ten cats of both sexes weighing 3.4-5.2 kg were sub jected to global ischemia of various severities under gen eral anesthesia (0.8-1.5% halothane in a 70% nitrous oxide/30% oxygen gas mixture). Arterial Pco2 was kept between 30 and 35 mm Hg.
The common carotid artery was exposed bilaterally just lateral to the trachea. The vertebral artery, the superficial cervical artery, and the costocervical trunk (Ulmer et aI., 1971) , all of which branch off from the subclavian artery, '
were approached through a transverse skin incision along the upper margins of the pectoral muscles and were pre pared bilaterally at their proximal segment. Monofilament nylon threads (3-0) were placed around each of the ex posed arteries and passed through silastic tubes to form snare ligatures. A microdialysis probe (Carnegie Medicin, Sweden) with a tubular dialysis membrane (1 mm long and 0.5 mm in diameter) and an electrode (etched platinum/iridium wire 250 fJ.m in diameter, glass insulated up to 1 mm of the tip) were assembled with a tip-to-tip distance of 1 mm. Probe/electrode assemblies were implanted bilaterally into the middle ectosylvian gyri (primary auditory corti ces) at a depth of about 1.5 mm. Microdialysis probes were perfused continuously with Krebs-Ringer bicarbon ate solution (122 mM NaCI, 3 mM KCI, 1.2 mM CaCI2, 1.2 mM MgS04, 0.4 mM KH2P04, 25 mM NaHC03, pH 7.4) at a flow rate of 2 fJ.Umin.
Electrodes served for recordings of cerebral blood flow (CBF) by means of the hydrogen clearance technique, and of auditory-evoked potentials (AEPs) elecited by su pramaximal click stimulation.
Two hours after probe/electrode implantation, steady state levels of extracellular Giu and CBF were obtained; possible metabolic and CBF disturbances observed in the rat (Benveniste et al., 1987) could not be excluded. There after, dialysate was collected at 10 min intervals. After control measurements, ischemia was induced by occlu sion of four vessels (common carotid and vertebral arter ies). In four animals, the superficial cervical arteries and the costocervical trunks were additionally occluded to produce more severe ischemia (Wright and Ames, 1964) . After occlusion of the arteries, systemic blood pressure increased immediately from 118 ± 9.1 mm Hg (mean ± SEM, n = 10) to 173 ± 14.8 mm Hg and then gradually returned to control levels within about I h.
Glu concentration in dialysate was analyzed by high performance liquid chromatography (HPLC) and fluo rescence detection after precolumn derivatization with 0-phthaldialdehyde (Lindroth and Mopper, 1979) . The ex tracellular concentration of Glu was estimated on the ba sis of the Giu concentration in dialysate obtained during the experiment and the "recovery" of Glu measured in vitro (Jacobson and Hamberger, 1984) . Before in vivo implantation, dialysis probes were immersed in a stan dard amino acid solution at 37°C, and the recovery of Glu, i.e., concentration ratio of dialysate/standard solution, was determined. AEPs were evaluated by amplitude changes of the primary cortical response: the peak to-peak difference between the first positive and the first large negative wave within 30 ms. CBF was calculated from the initial 2 min of hydrogen clearance curves using the formula CBF (m1l100 g/min) = 69.3/Tl/2 (Graf et al., 1986) .
Data were obtained from 16 auditory cortices of 10 an imals: in 6 cats data were available from both hemi spheres and in 4 cats only from one hemisphere; there fore, data analysis was performed on the basis of the 16 individual cortices.
RESULTS
Control CBF was 55. 0 ± 3. 3 ml/l00 g/min (mean ± SEM, n = 16). After occlusion of the arteries, CBF was reduced to different but fairly stable levels in the range of 0-35 ml/100 g/min. AEPs were abol ished within a few minutes in seven cases exhibiting residual CBF levels below 14 ml/100 g/min. In five cases with residual CBF levels between 18 and 23 ml/l00 g/min, AEPs were diminished but did not disappear. In the remaining four cases, AEPs re mained unchanged during ischemia.
The extracellular concentration of Glu during control measurements was 10. 9 ± 0.91 fLM (mean ± SEM, n = 16). After onset of ischemia, an initial small increase of Glu observed during the first 10-min interval was followed by a subsequent consid erable elevation. 
DISCUSSION
Our results demonstrate that a threshold-type re lationship exists between CBF and extracellular Glu: the ischemic flow threshold for increase in ex tracellular Glu is about 20 ml/l00 g/min. Further more, the ischemia-induced extracellular accumula tion of Glu is closely related to the impairment of neuronal electrical activity.
Flow thresholds for various parameters have been reported by several authors, and these differ ent thresholds seem to be arranged in the following sequence depending on the degree of CBF reduc tion. Impairment of neuronal electrical activity (Branston et aI., 1974; Heiss et aI. , 1976) occurs at CBF values between 15-20 ml/tOO g/min, probably in association with a gradual decrease in extracel lular pH (Harris et aI. , 1987) . Mild energy distur bances, i. e. , decrease in phosphocreatine and in crease in Pi (Naritomi et aI. , 1988) , seem to follow at a somewhat lower residual flow, and, finally, ion pump failure as indicated by massive potassium ef flux (Branston et aI. , 1977) as well as ATP depletion (Naritomi et aI. , 1988) (Drejer et aI. , 1985) .
Since the threshold for extracellular Glu accumu lation observed in our study is about 20 mll100 g/ min, the extent of overflow of Glu includes the pen umbral zone defined as the region with CBF levels between thresholds for electrical and ion-pump fail ure (Astrup et aI. , 1981) . If the extracellular con centration of Glu is high enough to provoke neuro toxic effects, we should agree with the opinion that the penumbra is a highly dangerous state (Lassen and Vorstrup, 1984) . In cultured cortical neurons, exposure to Glu of 50--100 J.LM for 5 min has been suggested to cause cell loss (Choi et aI. , 1987 U sing the microdialysis technique, a considerable amount of evidence has been accumulated for isch em ia-induced extracellular overflow of not only glu tamate but of various neurotransmitters and neuro modulators including 'Y-aminobutyric acid (GABA), taurine, dopamine, and adenosine (Benveniste et aI., 1984; Hagberg et aI. , 1985 Hagberg et aI. , , 1987 Van Wylen et aI., 1986; Globus et aI. , 1988; Kawano et aI. , 1988) .
These results suggest that ischemic neuronal dam age may be modulated by multiple neuroactive sub stances. Further investigations are necessary con cerning the role of those substances and their inter action in ischemic brain damage.
